Abstract: State-of-the-art smart sensor technology enables deployment of dense arrays of sensors, which is critical for structural health monitoring (SHM) of complicated and large-scale civil structures. Despite recent successful implementation of various wireless smart sensor networks (WSSNs) for full-scale SHM, the low-cost micro-electro-mechanical systems (MEMS) sensors commonly used in smart sensors cannot readily measure low-level ambient vibrations because of their relatively low resolution. Combined use of conventional wired highsensitivity sensors with low-cost wireless smart sensors has been shown to provide improved spectral estimates of response that can lead to improved experimental modal analysis. However, such a heterogeneous network of wired and wireless sensors requires central collection of an enormous amount of raw data and off-network processing to achieve global time synchronization; consequently, many of the advantages of WSSNs for SHM are lost. In this paper, the development of a new high-sensitivity accelerometer board (SHM-H) for the Imote2 wireless smart sensor (WSS) platform is presented. The use of a small number of these high-sensitivity WSSs, composed of the SHM-H and Imote2, as reference sensors in the Natural Excitation Technique-based decentralized WSSN strategy is explored and is shown to provide a costeffective means of improving modal feature extraction in the decentralized WSSN for SHM.
Introduction
The shift of structural health monitoring (SHM) research away from traditional wired systems toward the use of wireless smart sensor networks (WSSNs) has been motivated by the many attractive features of smart sensors, which usually consist of a wireless network node platform and sensor board. These features include ease of installation, wireless communication, onboard computation, battery power, relatively low cost, and small size. These features facilitate the rapid deployment of a dense array of sensors on structures, which can provide valuable information and increase the potential of SHM. Moreover, recent successful implementations of such WSSNs for full-scale SHM have demonstrated feasible use of the technology (Pakzad 2010; Jang et al. 2010; Cho et al. 2010; Kurata et al. 2010) Despite successful deployments of WSSNs on full-scale structures, the application of WSSNs for low-level ambient vibration of structures has been limited. Considering that ambient vibration levels for civil infrastructure are typically on the order of 1 mg or less (Su et al. 2010; Nagayama et al. 2005 Nagayama et al. , 2010 , commonly used low-cost micro-electro-mechanical systems (MEMS) sensors often employed in WSSNs may not have sufficient resolution to be effective in such conditions. Low-noise high-sensitivity sensors can overcome the limitation; however, high cost hinders the use of such sensors in a large-scale WSSN. Nagayama et al. (2010) have demonstrated that the combined use of a limited number of highsensitivity wired sensors as a reference for correlation function estimations with low-cost smart sensors could reduce the measurement noise, improving the capability of modal information extraction from raw sensor data in a cost-effective manner. However, such a heterogeneous network composed of wired and wireless sensors requires central data collection of raw data and off-network processing to achieve global time synchronization, which is not appropriate for WSSNs.
The use of high-sensitivity wireless smart sensors as the references, which are compatible with the other low-cost smart sensors in a network, would help to realize a homogeneous network, while keeping in-network processing capability and improving spectral estimate of the structural responses without significant cost increase. Though such a homogeneous network can keep most of the advantages of WSSNs for SHM, an efficient management strategy for power and wireless communication, which is critical for long-term and reliable monitoring, should still be considered for WSSNs. Because data communication in WSSNs is one of the most significant sources of power consumption and network failure, 1 reducing wireless communication becomes an important factor in realizing scalable WSSN implementations.
Traditional centralized approaches to acquiring and processing dynamic data require that all sensor data be collected at a single location; because of limitations in radio communication bandwidth for WSSNs, such approaches are difficult to implement. Moreover, the problem is exacerbated as the size of the network increases, resulting in high power consumption and unreliable communication. Alternatively, decentralized in-network processing approaches have been introduced to reduce data communication. One of these approaches is decentralized independent processing, which condenses measured dynamic information on individual nodes by using the smart sensor's onboard computation ability (Tanner et al. 2003; Lynch et al. 2004; Caffrey et al. 2004 ). The amount of data wirelessly transferred in the network is significantly reduced; however, all spatial information (e.g., mode shape) is lost in such approaches. Gao et al. (2006) and Gao and Spencer (2008) proposed a coordinated computing strategy for damage detection that retains local spatial information while concurrently reducing data communication in the network (see Fig. 1 ). Nagayama and Spencer (2007) implemented a coordinated computing strategy in a WSSN employing an Imote2 sensor platform for system identification. Zimmerman et al. (2008) have implemented a decentralized data processing scheme on a WSSN using Narada wireless sensors. An output-only identification approach, the natural excitation technique (NExT) (James et al. 1993) , was employed in conjunction with the eigensystem realization algorithm (ERA) (Juang and Pappa 1985) . The NExT-based coordinated processing approach has been practically developed by integrating the services of the Illinois Health Monitoring Project (ISHMP) Service Toolsuite (Sim and Spencer 2009) . The efficiency of decentralized processing over centralized processing, in terms of data transmission, is found in Sim et al. (2010 Sim et al. ( , 2011 and Ye et al. (2011) .
In this paper, the development of a new high-sensitivity accelerometer board (SHM-H sensor board) for the Imote2 wireless smart sensor (WSS) platform is presented, and the performance of the SHM-H sensor board is verified through diverse static and dynamic testing. These SHM-H sensor boards combined with Imote2 WSS platforms are subsequently used as reference sensor nodes in the NExT/ERA-based decentralized WSSN for stochastic modal identification of a steel-truss structure. The use of a small number of high-sensitivity sensors as reference sensors is shown to provide a cost-effective means of improving the modal feature extraction in WSSNs for SHM in a decentralized manner.
High-Sensitivity Reference Sensors for Noise Reduction through Cross-Correlation Process Nagayama et al. (2010) have proposed the use of a limited number of high-sensitivity reference sensors to reduce the noise effect in estimating cross-correlation functions. The cross-correlation approach for noise reduction is described in the following.
Consider two structural responses xðtÞ and yðtÞ and their measurements x m ðtÞ and y m ðtÞ x m ðtÞ ¼ xðtÞ þ n x ðtÞ ð 1Þ y m ðtÞ ¼ yðtÞ þ n y ðtÞ ð 2Þ
where n x ðtÞ and n y ðtÞ are measurement noise. The cross-correlation function between x m ðtÞ and y m ðtÞ is estimated as
Consider another measurement of yðtÞ with a larger signal-to-noise ratio than y m ðtÞ as y h ðtÞ ¼ yðtÞ þ m y ðtÞ ð 4Þ
where m y ðtÞ is the measurement noise that is smaller than n y ðtÞ in magnitude. The cross-correlation function of x m ðtÞ and y m ðtÞ is
Because the noise component m y ðtÞ is smaller than n y ðtÞ in magnitude, the second and the fourth terms of Eq. ((5)) are smaller than those of Eq. ( (3)). Therefore, the correlation function in Eq. ( (5)) is more accurately estimated. The use of a high-sensitivity sensor is thus considered to improve estimation of the correlation function, as well as the cross-power spectral density (CPSD) function. Nagayama et al. (2010) , however, demonstrated the feasibility of this approach by showing a noise-reduction effect in the crosspower spectral densities of simulated and measured data by conventional wired high-accuracy accelerometers (Model CV-374; Tokyo Sokushin 2010) and wireless smart sensors, Imote2 WSS platform equipped with a ITS400CA sensor board (MEMSIC 2010) , only at a single point, which is not sufficient to confirm its applicability for modal identification of real structures. Furthermore, the use of wired sensors as references results in a heterogeneous network, which requires off-network processing for time synchronization, which consequently cannot take many of the advantages of WSSNs. To apply this approach for modal identification of structures using WSSNs, the development of high-sensitivity wireless sensors that are compatible with the other low-resolution wireless sensors in a network and extensive experimental validations are required.
Natural Excitation Technique-Based Decentralized Stochastic Modal Identification
Decentralized strategies for data aggregation are preferred in WSSNs because of power and wireless communication limitations of WSSs. One issue in such decentralized approaches is how to aggregate and process sensor data to effectively extract meaningful information. The correlation function and its Fourier transform, the CPSD function, are often viewed to contain essential information for determination of the modal properties of dynamic systems. Moreover, the cross-correlation process showed the possibility of noise reduction by the combined use of high-sensitivity sensors and low-resolution sensors, as discussed previously. Thus, it would be best suited for this combined-use strategy if a decentralized network provides cross-correlation functions or CPSDs as the condensed information after in-network processing.
The NExT-based coordinated processing approach has been implemented using the ISHMP Services Toolsuite (Sim and Spencer 2009) processing consists of three types of sensor nodes that can be categorized using the role in the sensor network (see Fig. 2 ): (1) gateway node, (2) cluster head, and (3) leaf node. The gateway node is directly connected to the base station, controlling the networkwide flow of information and sending commands to cluster heads and leaf nodes. The DDA process can be divided into four stages.
1. Network initialization. The gateway node broadcasts information regarding sensing, data processing, and the network topology to the cluster heads and leaf nodes. 2. Synchronized sensing. To obtain synchronized measurements, the SensingUnit of the ISHMP Service Toolsuite is used, which is one of the service components of the ISHMP Services Toolsuite that performs synchronized sensing and outputs measured data using specified sensing parameters (i.e., sampling rate, data length, and sensing channel).
3. Decentralized data processing. Once the synchronized data are ready at the cluster heads and leaf nodes, the cluster heads coordinate with the leaf nodes to calculate the correlation functions; reference data from a cluster head is sent to the leaf nodes in the local sensor community, where cross-correlation functions are estimated, and the estimated cross-correlation functions are sent back to the cluster head, while autocorrelation functions are calculated in a cluster head. For the correlation function estimation between two arrays of synchronized data, the correlation function estimator (CFE) application service of the ISHMP Services Toolsuite is used. 4. Collection of the correlation function. The correlation functions collected to the cluster heads are transferred to a gateway node and saved to a user-defined output file. For all wireless communication between leaf nodes, cluster heads, and a gateway node, the Reliable Communication of ISHMP Services Toolsuite is used. Reliable Communication is one of the foundation services to support higher-level application and ensures reliable data communications in a wireless sensor network. The correlation functions are then used to estimate global modal properties with the ERA using overlapping leaf nodes between local sensor communities (see Fig. 2 ); this coordinated processing allows the sensor nodes to communicate with one another and share information in order to be able to keep spatial information that can be used to produce a global picture of a structural system. Fig. 3 shows the information flow in the NExT-based coordinated processing scheme. In addition, for SHM applications of WSSNs, diverse unexpected failures during operation should be appropriately handled. Because the real environment for wireless communication at sites is not so favorable and the hardware performances are not always perfect, fault-tolerant features for such conditions are considered to improve the robustness of the WSSNs. In this NExT-based decentralized WSSN, (1) unresponsive sensor nodes due to communication or power issues are removed from the network by the gateway node or the cluster head; (2) the sensor topology is renewed with only responsive nodes; (3) if the unresponsive node is a cluster head, the gateway node removes the failed cluster head from the network and tries to find a new one; and (4) each leaf node checks its battery level before sensing starts, and if the battery voltage is below a threshold level, the leaf node is eliminated from the network, although the node is responsive before sensing.
The efficacy and accuracy of the NExT-based decentralized WSSN are dependent on the network topology, which has been numerically validated by Sim et al. (2010 Sim et al. ( , 2011 . In data communication, having fewer local groups and more sensor nodes in each local group is advantageous because of the relatively smaller amount of data being transmitted over the radio. And from the modal identification perspective, larger local groups having a larger number of sensor nodes and overlapping nodes better estimate the global mode shapes.
Development of High-Sensitivity Accelerometer Board
As discussed previously, NExT-based decentralized WSSNs will have the capability to better extract modal information at reasonable costs when high-sensitivity WSSs are used as reference sensors with the other low-resolution sensors in a network. To realize such a combined-use strategy, the decentralized WSSN high-sensitivity WSS should be available. A high-sensitivity accelerometer board (SHM-H sensor board) for the Imote2 WSS platform has been developed for use as the reference sensor nodes (cluster heads) in the decentralized coordinated processing approach, particularly in the case of low-level ambient vibrations (Jo et al. 2010) . While the cluster heads employ the SHM-H sensor boards, the leaf nodes will have sensor boards with low-cost MEMS accelerometers, such as the ITS400 accelerometer and the structural health monitoring accelerometer (SHM-A) (Rice and Spencer 2009). The difficulty of time synchronization required for in-network processing found by Nagayama et al. (2010) for a heterogeneous network of wireless and wired sensors is not an issue in the proposed approach because the same wireless sensor platform is used across the entire network, even if different types of sensor boards are used for cluster heads and leaf nodes. In this section, the SHM-A sensor board, commonly used for the Imote2 WSS platform, is briefly described, and then development of the SHM-H sensor board is outlined.
Structural Health Monitoring Accelerometer Sensor Board
Rice and Spencer (2009) developed a general-purpose accelerometer board for the Imote2 platform to address the unstable and inflexible sample rate problems of the Imote2 platform's original sensor board, the ITS400. The SHM-A board provides flexible and highly accurate user-selectable sampling rates through the use of the Quickfilter QF4A512, which is a four-channel, 16-bit analog to digital converter (ADC), with programmable digital filters. Combining an analog accelerometer (ST Micro LIS344ALH) with the Quickfilter QF4A512 has resolved sampling rate-related problems. Even though the SHM-A board provides excellent resolution for general-purpose applications, it is still not sufficient for low-level ambient vibration in the 1-2 mg range. 
High-Sensitivity Accelerometer Sensor Board
Hardware Design A new high-sensitivity accelerometer (SHM-H) sensor board has been developed for measuring low-level ambient vibrations of structures and for a reference sensor in WSSNs. The SHM-H sensor board (Jo et al. 2010 ) is the extension of the SHM-A board (Rice and Spencer 2009). The SHM-H sensor board employs the same Quickfilter ADC, so it is compatible with the SHM-A board; however, the z-axis of the SHM-A board, which has the highest noise among the three axes, is replaced with a low-noise and highsensitivity sensor. For the low-noise sensor, the Silicon Designs SD1221L-002 accelerometer was selected, which has 5 μg∕ ffiffiffiffiffiffi Hz p noise floor and 2 V∕g sensitivity. A Maxim MAX8878 low-noise and low-dropout linear regulator was used to supply clean and stable 5-V power to the SD1221L-002 accelerometer.
To support the low-noise performance of the accelerometer, the resolution of the QF4A512 ADC was improved by reducing the span of the ADC. If the full span of the SD1221L-002 accelerometer, AE2 g, is used, the resolution that the ADC can achieve is just
By limiting the measurement range of the sensor to AE0:2 g for horizontal acceleration and þ0:8 g to þ1:2 g for vertical acceleration, the signals were amplified 10 times and shifted with OP-Amp circuits to fit in the ADC input range, a maximum resolution of 400 mg∕ð2 13:2 À 1Þ ¼ 0:043 mg is achieved, which is sufficient to capture low-level acceleration in the range of 1-2 mg. A low-noise OP-Amp, the TI OPA4344, was used, and the printed circuit board was carefully designed so it would not add unnecessary noises to the signal (e.g., separation of the analog/digital components). Figs. 4 and 5 show the block diagram and sensor board design of the SHM-H sensor board, respectively.
Performance Testing and Validation
To estimate the actual noise floor of the SHM-H sensor board and compare it with the performance of other MEMS accelerometers, static noise characteristic tests were conducted. Using the RemoteSensing application of the ISHMP Services Toolsuite, the acceleration data from the SHM-H sensor board were measured and compared with the data from the SHM-A board and the ITS400 sensor board under the same conditions. As shown in Fig. 6 and Table 1 , the RMS noise of SHM-H sensor board is 0.05 mg over 15-Hz bandwidth (0.08 mg over 70-Hz bandwidth), which is about 15% of the SHM-A board's noise level.
The SHM-H sensor board was tested on a vertical shaker to check that the sensor had predictable response and to assess how well the response matched the response from a conventional accelerometer. For this test, an electrodynamic shaker (LDS V408) and a piezoelectric type PCB393C accelerometer as a reference sensor were used. The PCB393C accelerometer has 0.1-mg resolution over 1-10,000 Hz broadband, which corresponds to 1 μg∕ p Hz noise density roughly. A 50-Hz, band-limited white noise excitation was used for comparison of the SHM-H sensor board and the PCB393C accelerometer. The results given in Fig. 7 show excellent agreement between the wired sensor and the SHM-H sensor board in both the time and frequency domains.
Experimental Verification of Decentralized Stochastic Modal Identification Using High-Sensitivity Reference Sensor
The performance of the proposed decentralized stochastic modal identification using high-sensitivity reference sensors in WSSNs is experimentally investigated with the truss structure shown in Fig. 8 . This simply supported 16-bay truss is constructed from steel pipes with an inner diameter of 10.88 mm (0.428 in.) and an outer diameter of 15.54 mm (0.612 in.). An electrodynamic shaker (LDS V408) is used to vertically excite the truss with a band-limited white noise of 0-100 Hz. The SHM-H sensor board is employed as the high-sensitivity reference sensors for the cluster heads, whereas the SHM-A sensor board is used in the leaf nodes. NExT-based decentralized coordinated processing, which is available from ISHMP Service Toolsuite, installed on the Imote2 sensors, is employed to calculate correlation functions.
A total of 14 Imote2 sensors are installed on the top chord of the truss (see Figs. 9 and 10). The sensor network is divided into three local sensor groups, each consisting of six sensor nodes. Cluster heads should be chosen in advance on the basis of structural analysis, which can show the best capability of the modal feature extraction from each local network, which is important as network size increases. In this laboratory-scale small experiment, sensor nodes S4, S7, and S12 (i.e., the square nodes in Fig. 10 ) that are located in the center of each local sensor groups were chosen as cluster heads for convenience. Thus, three Imote2 sensors with SHM-H sensor boards and 11 Imote2 sensors with SHM-A boards are employed as the cluster heads and leaf nodes, respectively.
Vertical accelerations are measured on each sensor node with a sampling rate of 280 Hz, with a 70-Hz cutoff frequency. The measured acceleration time histories have 10,752 points, allowing 20 averages if 1,024 fast Fourier transform points and 50% overlap between windows are specified for the correlation function estimation. The NExT-based decentralized coordinated processing then estimates the correlation functions within each cluster. Local modal properties are estimated by the ERA, and then global modal properties are subsequently obtained using information at the overlapping nodes (Sim et al. 2010 ). In addition, raw acceleration time histories from all sensor nodes are centrally collected to provide a reference comparison.
The proposed decentralized modal identification approach using high-sensitivity reference sensors is compared with the use of general-purpose inexpensive smart sensors only, as well as with the situation in which centralized processing is employed in the following four cases:
Case 1: NExT/ERA-based decentralized modal identification using SHM-H sensor boards for cluster heads and SHM-A boards for the other leaf nodes; To more clearly present the efficacy of the high-sensitivity reference sensors, two different excitation levels are considered: (1) high-level excitation: maximum acceleration responses of 100-200 mg, which can be well measured by both the SHM-A and SHM-H sensor boards; and (2) low-level excitation: maximum acceleration responses of 1-2 mg, of which measurement noise is significant compared with the resolution of the sensor boards.
In this study, the performance comparisons of Case 1 (SHM-H cluster heads) and Case 2 (SHM-A cluster heads) through experiments are the main focus of interest. The efficacy and accuracy of the NExT-based decentralized WSSNs can be found in Sim et al. (2010 Sim et al. ( , 2011 .
High-Level Excitation
The truss structure was excited to produce maximum acceleration levels in the range of 100-200 mg. Fig. 11 shows sample acceleration time histories measured at S4 (using the SHM-H sensor board) and S3 (using the SHM-A board). Typical CPSD and autopower spectral density (APSD) functions are shown in Fig. 12. Figs. 12  (a), 12(c) , and 12(e), correspond to Case 1 using the SHM-H cluster head; Figs. 12(b), 12(d) , and 12(f), correspond to Case 2 of the SHM-A board only. The identified natural frequencies by the ERA are given in Table 2 , and the corresponding mode shapes are shown in Fig. 13 . For the high level of structural response, no significant difference is found between Case 1 and Case 2. Moreover, compared with the case of the centralized processing using NExT/ERA, the decentralized processing approach estimates the natural frequencies and mode shapes with a high degree of accuracy.
Low-Level Excitation
To assess the performance of the proposed approach for low-level ambient vibration, the truss structure was carefully excited to have an acceleration response in the range of 1-2 mg. Sample acceleration time histories and CPSDs/APSDs are shown in Figs. 14 and 15, respectively; as can be seen, the noise levels in the accelerations measured by the SHM-A sensor board are relatively high.
For low-level excitation, because the signal-to-noise ratio is relatively small, the effects of noise reduction on the CPSD are more evident. Even though lower noise levels are observed in the CPSDs of the SHM-A sensor board data than in the APSDs of the SHM-A data, as shown in the right column (Case 2) of Fig. 15 , with the exception of the peak corresponding to the first mode around 20 Hz, all dynamic information is lost. cluster(S12) & leaf node(S9) cluster(S12) & leaf node(S10) cluster(S12) & leaf node(S11) cluster(S12) & leaf node(S13) cluster(S12) & leaf node(S14) cluster(S12) & cluster(S12)
(e) (f) Fig. 12 . Cross-and autopower spectral densities of high-level acceleration responses (a) using SHM-H cluster heads (Group 1); (b) using only structural health monitoring accelerometer boards (Group 1); (c) using SHM-H cluster heads (Group 2); (d) using only structural health monitoring accelerometer boards (Group 2); (e) using SHM-H cluster heads (Group 3); and (f) using only SHM-A boards (Group 3) In contrast, when SHM-H sensor boards are used as cluster heads (left column), numerous modal peaks can be observed. Because the noise level of the cluster head data using the SHM-H sensor board is much lower than that of the SHM-A board, the CPSD with the reference SHM-H sensor board data also has a low noise level, which is sufficiently low to allow for extraction of modal properties. Fig. 16 more clearly illustrates this point. The APSD of the SHM-A board data measured at S11 does not catch any of the peaks in the range of 21-70 Hz because of the high level of noise in the SHM-A board, while the APSD of the SHM-H sensor board data used for the cluster head (S10) has several peaks in this range (e.g., near 34, 42, and 65 Hz). The CPSD between the SHM-H sensor board (S12) and the SHM-A board (S11) allows the modes to be resolved, because of the low noise level in the SHM-H sensor board data. cluster(S12) & leaf node(S9) cluster(S12) & leaf node(S10) cluster(S12) & leaf node(S11) cluster(S12) & leaf node(S13) cluster(S12) & leaf node(S14) cluster(S12) & cluster(S12)
(e) (f) Fig. 15 . Cross-and autopower spectral densities of low-level acceleration responses (a) using SHM-H cluster heads (Group 1); (b) using only structural health monitoring accelerometer boards (Group 1); (c) using SHM-H cluster heads (Group 2); (d) using only structural health monitoring accelerometer boards (Group 2); (e) using SHM-H cluster heads (Group 3); and (f) using only SHM-A boards (Group 3) CPSD / APSD APSD of S11-S11 APSD of S12-S12 CPSD of S12-S11 Fig. 16 . Reduction of noise effect on cross-power spectral densities. S12 is the SHM-H; S11 is the structural health monitoring accelerometer Although the case using the high-sensitivity cluster heads (Case 1) better identifies the structural modes, some of the highfrequency modes do not appear (e.g., in the 60-70 Hz range for Group 2) [ Fig. 15(c) ]. As illustrated in Fig. 12 , the modes in this range have low amplitudes in the center part of the structure (e.g., the second bending mode), hence the nodes in Group 2 would have exceptionally low responses. Of course, the case using only the SHM-A boards is not capable of finding the high-frequency peaks in Group 2 [ Fig. 15(d) ] either. Higher acceleration levels are required to better identify these modes. Table 3 summarizes the identified natural frequencies for the system identification methods; Fig. 17 shows corresponding mode shapes. Although the case using SHM-H sensor boards for cluster heads found five modes, the case using only SHM-A boards found only one mode. The modal frequencies identified using the SHM-H sensor board for the cluster heads agree well for both the high-level and low-level excitations. However, the higher-frequency mode shapes (e.g., Modes 4 and 5) are not so accurate. This inaccuracy may be attributed to the very low level of response in Group 2 for these modes, as well as the fact that nonlinear effects (e.g., friction) will be more prevalent at these low levels of excitation.
Conclusions
In this paper, the development of high-sensitivity accelerometer boards (SHM-H sensor boards) for Imote2 WSS platforms was presented, and its cost-efficient application to NExT/ERA-based decentralized WSSNs as reference sensors to improve modal feature extraction was investigated. The efficacy of the NExT/ERAbased decentralized modal identification using high-sensitivity sensors has been experimentally verified on a steel truss structure using a small number of SHM-H sensor boards as the reference sensors and the lower-cost general-purpose sensor board (SHM-A board) for the other leaf nodes in the sensor network. The results are compared with the case using only SHM-A boards for both cluster heads and leaf nodes. For high levels of structural responses, both the case using the SHM-H sensor boards for reference sensors and the case using only SHM-A boards showed similarly good performance. In contrast, for low-level vibration, use of the SHM-H sensor board for the reference sensors identified the modal information better than the case using only SHM-A boards. Therefore, a small number of high-sensitivity sensors employed as reference sensors at the cluster heads can provide a cost-effective means of improving the performance of NExT/ERA-based decentralized WSSNs for SHM applications.
